The degradation of the advanced polymeric materials: blends of polylactide with poly[(R,S)-3-hydroxybutyrate] was studied in paraffin (an ingredient used in cosmetics) and compared with the degradation of pure poly[(R,S)-3-hydroxybutyrate]. The interaction between the polymeric materials studied and the paraffin was monitored during the degradation experiments, and the effects of this interaction were reported. Gel permeation chromatography, atomic force microscopy, electrospray mass spectrometry, nuclear magnetic resonance, differential scanning calorimetry and thermal gravimetric analysis revealed that degradation of the investigated materials occurs in the presence of paraffin. In the blends, poly[(R,S)-3-hydroxybutyrate] content was found to extend the disintegration time, and for the blends with good miscibility, reduced the degradation rate in the first step of degradation.
Introduction
Classical forensic polymer engineering concerns a study of failure in polymer products. This area of science comprises fracture of plastic products, or any other reason why such a product fails in service, or fails to meet its specification. 1 So far, most of the reported case studies concern ex-post investigations of traditional polymeric materials such as PE, PP, PS, PVC, ABS or their thermoplastic composites. Little is known about forensic engineering of novel and advanced polymeric materials. Thus, there is a real gap in this area of knowledge. Furthermore, the ex-ante studies are needed to define and minimise the potential failure of novel polymer products before specific applications. Environmental stress cracking (ESC) is one of the most common causes of unexpected brittle failure of thermoplastic (especially amorphous) polymers.
The rate of ESC is dependent on many factors, including, for example, the polymer's chemical composition, bonding, crystallinity, surface roughness, molar mass and residual stress. It also depends on the chemical nature of liquid media and the temperature of the system. Thus, evaluation and understanding of the structure, properties and behaviour of advanced polymer materials for perspective practical applications is needed, especially in the field of compostable polymer packages of long-life products, such as cosmetics or household chemicals.
Because of the slow environmental degradation of traditional packaging, the use of conventional plastics is accompanied by significant ecological problems. To reduce plastic waste from the packaging industry, biodegradable polymers have become interesting alternatives, for packages with a long shelf life. 2 The most important environmentally friendly plastics are generally based on aliphatic polyesters, such as poly(lactic acid), poly (3- Polylactide (PLA) is an attractive alternative to conventional plastics because of its excellent material properties, which enable a variety of potential applications in various areas. PLA can form a semicrystalline or a fully amorphous material, depending on its stereochemical structure and thermal history, and can exhibit crystal polymorphism. 4, 5 The degradation process of polylactide in various environments has been thoroughly investigated. [6] [7] [8] [9] [10] [11] [12] [13] [14] Natural poly(3-hydroxybutyrate) (PHB) has found a number of applications in food packaging, biomedical and pharmaceutical industry. However, its use is currently limited due to the high cost of production and the physical properties. 15 PHB production cost is dependent on a number of factors, such as substrate, chosen strain, cultivation strategy and downstream processing, utilisation of substrates, [15] [16] [17] [18] [19] modelling, 20 proper experimental design 21, 22 and the development of a new recovery method. 23, 24 Tacticity of poly(3-hydroxybutyrate) chain directly influences the properties of this polymer. Atactic PHB is a low glass transition (ca. 0 °C), amorphous polymer and behaves as an elastomer at room temperature. In blends, it is used to improve flexibility and impact resistance, while the isotactic one shows interesting processing properties, but it has a high melting point. 25, 26 A synthetic analogue of aliphatic biopolyester, poly[(R)-3-hydroxybutyrate] -poly[(R,S)-3-hydroxybutyrate] ((R,S)-PHB) -has been recognised to be a suitable modifier for (bio)degradable polymers, such as the brittle polylactide or the highly crystalline polyhydroxyalkanoates (PHA)s of bacterial origin. 27, 28 The ring-opening polymerisation of b-butyrolactone with various types of catalysts leads to poly(3-hydroxybutyrate)s of different tacticities, which mimic those polymers found in nature. 29 The hydrolytic degradation products for both (R)-and (S)-3-hydroxybutyrate are nontoxic. 30, 31 The hydrolysis of these polyesters produces shorter chains with acid and hydroxy terminal groups. 32 The hydrolytic degradation of synthetic and natural PHB in phosphate buffer at 70 °C was reported by Kurcok et al. 29 The chemical microstructure has been revealed to have no substantial influence on the mechanism for hydrolytic degradation of atactic and isotactic PHB. Atactic PHB degraded faster than the semicrystalline polymer. 28, 29 The results show that PHB with a high-molar mass degrades relatively slowly at physiological pH values (7.0-7.4). Random scission of the polymer chains occurs first, followed by mass loss and further decomposition of the samples. 33 The major monomeric products from the acidic or alkaline hydrolysis of PHB were 3-hydroxybutyric acid and crotonic acid. 34, 35 Blending two polymers is a way to combine the complementary properties of the individual components. Polymer blends of components with low-or high-molar masses are used to obtain materials with controllable physical or thermal properties and degradability, and offer opportunities to obtain competitive polymer materials that maintain a specific property, such as biodegradability, compared to traditional polymers. Various attempts have been made to blend PLA or PHB with synthetic or natural polymers and to determine the influence of the components on the properties and biodegradability of the resulting material. [36] [37] [38] [39] [40] [41] Blends of poly(L-lactide) (PLLA) with natural or synthetic PHB were miscible, or semi-miscible depending on composition, when one compound possessed a low molar mass, and were immiscible with high-molar mass compounds, e.g. PLLA, natural or synthetic PHB and PHBV. 37, [42] [43] [44] [45] [46] The degradation rate and mechanical properties are key factors in many applications, especially in packaging materials for long shelf life applications, of degradable polymers. 47 Recently, we originally demonstrated that the degradation of PLA films occurs in paraffin because of the residual water content. An autocatalytic effect was observed during the erosion of PLA film samples, 48, 49 and this observation extended the previous investigation conducted by Vert. 50, 51 In blended systems, miscibility is one of the most important factors affecting the final properties of the material. PLA blends have been studied, and the effect of miscibility on the surface morphologies and the structures of the blends has been investigated; 39, 52 however, the relationship between the phase structure and the degradation of PLA/(R,S)-PHB blends in cosmetic simulants has not yet been studied. In this contribution has been reported the degradation in paraffin at 70 °C of polylactide-based rigid films with poly[(R,S)-3-hydroxybutyrate] in comparison with that of the plain (R,S)-PHB. Analysis of the surface erosion of the PLA-based rigid films was followed by an investigation with an atomic force microscope. The changes in the molar mass of the PLA-based rigid films and (R,S)-PHB were evaluated by gel permeation chromatography, and the remaining material was characterised by electrospray mass spectrometry. The thermal properties and the changes in the crystallinity of the materials during degradation were characterised by differential scanning calorimetry and thermogravimetric analysis. Furthermore, the effects of the interaction between the polymer and the cosmetic ingredient (paraffin) monitored during the degradation experiment are reported.
Materials and methods

Materials
The plain poly[(R,S)-3-hydroxybutyrate] used in this study was synthesised at the Centre of Polymer and Carbon Materials in Zabrze by an original method for the laboratory scale synthesis of high-molar mass (R,S)-PHB. This method includes: (i) purification of the b-butyrolactone (b-BL) monomer through the oxidation of impurities and a drying process; 53 (ii) introduction of the metal-free initiator for anionic polymerisation (tetra butylammonium acetate) to the spherical reactor with a heat exchanger containing the b-BL monomer at temperature of 4 °C; upon this introduction, the temperature of the reaction mixture is kept below 20 °C until the viscosity increases, and then the mixture is maintained at 30 °C; (iii) protonation (after 85 % monomer conversion, the reaction mixture is transferred to a reactor with an excess volume of CHCl 3 and an aqueous solution of HCl to protonate the growing chain end and to hydrolyse the unreacted monomer; then, the CHCl 3 solution of the polymer is concentrated on a rotary evaporator under reduced pressure and the obtained polymer is dried under vacuum at 40 °C). (R,S)-PHB (M w = 100 000, M w /M n = 1.4) cannot be extruded as a film because of the amorphous properties of the polymer. PLA and PLA/(R,S)-PHB blends with 3 mol %, 9 mol %, 12 mol %, and 15 mol % of (R,S)-PHB (calculated from the NMR spectra from the methyl group of the components), PLA, 97PLA/3(R,S)-PHB, 91PLA/9(R,S)-PHB, 88PLA/12(R,S)-PHB and 85PLA/15(R,S)-PHB, respectively, were prepared as rigid films at the Institute for Engineering of Polymer Materials and Dyes (IMPIB Toruń, Poland) under the MARGEN project. 46 The poly(L-lactide) used in the blends was a commercial product from NatureWorks LLC, USA, type 2002D. The material characterisation has been previously described. 46 The degradation simulant, liquid paraffin (99.98 %, water content: 0.016 % determined by the Karl Fischer method) from Pharmaceutical Laboratory COEL, Poland, was used without further purification.
Degradation experiment
The degradation experiment was conducted as described previously. 48, 49 The stability test for cosmetic products requires the placement of samples under different environmental conditions for a specified period. These conditions are meant to simulate what will happen to the product during its lifecycle and should always correspond to the worst foreseeable conditions of contact between the plastic material and the product inside. 48 The high temperature testing is used as a predictor of long-term stability and was selected for the degradation experiment according to the ISO 15814: 1999 (E) standard. PLAbased rigid films with an average thickness of 300 μm and in strip sizes of 2 cm x 1 cm with an average mass of 0.11 g, compared to the (R,S)-PHB with an average mass of 0.07 g, were incubated at 70 °C (± 0.5 °C). Because (R,S)-PHB does not yield self-supporting films, crude (R,S)-PHB was used. In this case, only one side of the sample was exposed to degradation. 54 
Measurements
The morphologies of the PLA-based rigid film surfaces were investigated with an atomic force microscope (AFM). The AFM images were obtained in MultiMode with a NanoScope III D controller, Veeco, USA, equipped with a piezoelectric scanner with a scan range of 10 µm x 10 µm. Imaging of the samples was conducted in tapping mode, under ambient air conditions at a scan rate of 1 Hz using etched silicon probes (TESP, VEECO) with a nominal spring constant of 20-80 N m -1 and at a resonant frequency of 280-320 kHz.
The molar mass and molar-mass dispersity of the samples were determined by gel permeation chromatography (GPC) in CHCl 3 (GPC Solvent, stabilised with amylene, purity 99.8 %, Fischer Chemical) at 35 °C with an eluent flow rate of 1 mL min -1 and a set of two PLgel, 5 μm MIXED-C ultrahigh efficiency columns (Polymer Laboratories) with a mixed bed and a linear M w range of 200-2000000. An isocratic pump (Spectra Physics 8800) was used as the solvent delivery system, and a differential refractive index detector (Shodex SE 61) stabilised to a temperature of 35 °C was applied. A 10 μL aliquot of 3 % w/v sample solution in CHCl 3 was injected. Polystyrene standards (Calibration Kit S-M-10, Polymer Laboratories) with narrow molar-mass dispersities were used to generate a universal calibration curve. The samples were measured using OmniSEC 4.1 (Viscotek) software.
Nuclear magnetic resonance 1 H ( 1 H NMR) spectra were recorded with a Bruker-Advance spectrometer operating at 600 MHz with Bruker TOP-SPIN 2.0 software. CDCl 3 was used as the solvent, tetramethylsilane (TMS) was the internal standard, and spectra were recorded with 64 scans, a pulse width of 11 μs, and an acquisition time of 2.65 s.
The electrospray mass spectrometry (ESI-MS) analysis was performed on the low molar mass samples remaining after 52 weeks of degradation in paraffin. The analysis was performed with a Finnigan LCQ ion trap mass spectrometer (Finnigan, San Jose, CA). Samples of the remaining film were dissolved in a water/methanol solution (1:1 v/v), and the solutions were introduced to the ESI source by continuous infusion with the instrument syringe pump at a rate of 10 μL min -1 . The LCQ ESI source was operated at 4.5 kV, and the capillary heater was set to 200 °C. Nitrogen was used as the nebulising gas. The analyses were performed in the positiveand negative-ion modes.
Differential scanning calorimetry (DSC) measurements were performed with a TA DSC 2010 apparatus (TA Instruments, New Castle, DE). The instrument was calibrated with high-purity indium and gallium. Three calorimetric traces were acquired for each sample at heating/cooling/heating rates of 10° min -1 . Samples with masses of approximately 4 mg were placed into crimped aluminium pans. The first calorimetric trace (I-scan, first heating run), in which the thermal history is suppressed, and the third calorimetric trace (III-scan, second heating run), were acquired from -50 °C to 200 °C, and the second calorimetric trace (II-scan, cooling run) was acquired from 200 °C to -50 °C. All of the experiments were performed under a nitrogen atmosphere (flow = 50 mL min -1 ). Thermogravimetric analysis (TGA) was performed with a TGA/DSC1 Mettler-Toledo thermal analyser at a heating rate of 10° min -1 in a stream of nitrogen (60 mL min -1 ). The obtained TGA data were analysed with the Mettler-Toledo Star System SW 9.30.
Results and discussion
Our previous studies originally revealed that the PLA film degraded in a hydrophobic solvent, such as paraffin, because of the residual moisture content. 48, 49 Thus, further research on more resistant (bio)degradable candidates for plastic cosmetic packages is underway in our laboratories. During degradation in paraffin, comprehensive material characterisation of the polylactide-based rigid films with poly[(R,S)-3-hydroxybutyrate] was performed and compared to plain poly[(R,S)-3-hydroxybutyrate] by AFM, GPC, NMR, ESI-MS, DSC and TGA. Monitoring the mass changes in the samples during the degradation process was unfortunately not possible because of difficulties in cleaning the viscous paraffin from the samples, especially after the disintegration of the samples.
Macroscopic evaluation
Macroscopic visual evaluation of the PLAbased rigid films during the degradation process showed erosion through the disintegration of the strips, which began in the 15 th week of incubation for the PLA, 97PLA/3(R,S)-PHB and 91PLA/9(R,S)-PHB rigid films. Higher amounts of (R,S)-PHB results in an extension of the disintegration time to 26 weeks for the 88PLA/12(R,S)-PHB and 85PLA/15(R,S)-PHB rigid films (Fig. 1) .
Before the degradation test, the PLA-based rigid films were transparent with a smooth surface. A decrease in the transparency of the studied sample surfaces (assumed to be caused by molecular reorganisation 55 or an increase in irregularity, which might result from the accelerated formation of new spherulites 56 ) was observed for all the PLA-based rigid films from the beginning of the degradation process in paraffin. For a thicker rigid PLA film, this process is considerably faster than for the thin PLA film used in the previous degradation experiments. 48 Because thickness can affect the properties of the final product, this feature may be important from the perspective of the use of PLA-based rigid films in cosmetics packaging.
Molar mass changes
The degradation process in paraffin resulted in a continuous decrease in the molar mass of all the samples from the beginning of the experiment. As we observed in our previous studies, in an environment with residual moisture content, such as paraffin, degradation of the PLA film also occurred. The explanation for this unexpected phenomenon was the hydrophobicity of paraffin, which generated an autocatalytic effect in which the acid end-groups catalyse cleavage of the ester and the concentration of terminal chain ends with acid termination increases in the polymer. 32, 47, 49, 57 Water initially diffused into the sample to penetrate the polymer matrix, and the process of autocatalytic hydrolysis began. The degradation process for a thicker rigid PLA film (thickness of 300 μm) is faster than for the thin PLA film (thickness of 40 µm) used in the previous degradation experiment. 48 Submillimetre films are known to degrade homogeneously and more slowly (erosion restricted at the surface) than devices with larger sizes. 58 The logarithmic M n profiles of the PLA rigid film and the thin PLA film compared to (R,S)-PHB are presented in Fig. 2 .
During the degradation of (R,S)-PHB, a molar mass decrease was observed from the beginning of the degradation experiment, although the decrease occurred more slowly. Poorly hydrophilic (R,S)-PHB degrades more slowly than hydrophilic PLA because the drying process is more difficult for amorphous regions of the polymer, the moisture is entrapped in the (R,S)-PHB polymer matrix and the hydrolysis process is accelerated from the beginning of the degradation experiment. The amount of moisture absorption depends on the crystallinity of the polymer. Amorphous forms of the polymer absorb moisture more rapidly than crystalline forms. 28, 59 The degradation rate of the PLA-based rigid films depended on the blend miscibility, as described above. The blends with poor miscibility (91PLA/9(R,S)-PHB, 88PLA/12(R,S)-PHB and 85PLA/15(R,S)-PHB rigid films) degraded comparable to the PLA rigid film and faster than the 97PLA/3(R,S)-PHB rigid film, which had good miscibility and a homogeneous surface morphology (see also Fig. 8 ). The results of gel permeation chro ma tography analysis showed shifts in the GPC traces to higher retention values for the molar mass: (R,S)-PHB > 97PLA/3(R,S)-PHB > PLA > 91PLA/9(R,S) -PHB > 88PLA/12(R,S)-PHB > 85PLA/15(R,S)-PHB rigid films, respectively (Fig. 3) . In the first step, the addition of (R,S)-PHB reduces the degree of degradation in paraffin of the PLA-based rigid films only in the blend with good miscibility.
Because of the limited migration into the paraffin, the insoluble low-molar mass products remain in the degraded material (for all the PLA-based rigid films and (R,S)-PHB), and the molar mass dis- 
F i g . 3 -Overlay of selected GPC chromatograms of (R,S)-PHB (A), 97PLA/3(R,S)-PHB (B), PLA (C), and 85PLA/15(R,S)-PHB (D) rigid films samples before degradation and after 8 and 104 weeks of degradation in paraffin
persity increases rapidly between 8 and 28 weeks. Additionally, after 26 weeks of degradation in paraffin, multimodal GPC curves were observed for all the PLA-based rigid films (Fig. 3) . We can explain the multimodal GPC chromatogram through two overlapping phenomena: (i) the result of the autocatalytic mechanism for different populations of macromolecules degrading at different rates at the surface/interior parts of the films 50, 51 (the same effect was observed for PLA and 85PLA/15(R,S)-PHB rigid films) or (ii) the populations of the different oligomers for the two components of the blend.
Structural characterisation of the remaining material
The analysis by 1 H NMR (based on the methyl group of the components, data not shown) after predetermined degradation times indicated no significant changes in the compositions of all the blends investigated in the degradation experiment. The structure of the remaining (R,S)-PHB sample after 52 weeks of incubation in paraffin was determined by ESI-MS analysis. Fig. 4 shows the positive ESI-mass spectrum acquired for the remaining (R,S)-PHB sample. Three series of singly charged ions of different intensities (one major and two minor) are observed in the mass spectrum and correspond to the three types of oligomer chains with a peak-to-peak mass increment of 86 Da, which is the molar mass of the 3-hydroxybutyrate repeating unit. The main series of signals, labelled (A), corresponds to the sodiated individual (R,S)-PHB oligomer chains terminated by hydroxy and carboxy end-groups. The second series of ions (with significantly lower relative intensity), labelled (B), can be assigned to the sodiated (R,S)-PHB oligomer chains terminated by crotonate and carboxy end-groups. The third series of ions, labelled (C), corresponds to the sodiated (R,S)-PHB oligomer chains terminated by acetate and carboxy end-groups. To verify the structural assignment of the ions presented in the ESI mass spectrum and to confirm the chemical structure of the remaining (R,S)-PHB sample, ESI-MS/MS experiments were performed for the ions at m/z of 901, m/z of 883 and m/z of 857 selected from the (A), (B) and (C) series, respectively.
Fig . 5 shows the ESI-MS/MS spectrum for the ion selected at m/z of 901, in series (A), which corresponds to the sodiated (R,S)-PHB oligomer with 10 repeating units (3-hydroxybutyrate units) terminated by hydroxy and carboxy end-groups. For this parent ion, fragmentation, which is caused by the random breaking of the ester bonds in the oligomer chains, leads to the formation of two series of product ions with a spacing of 18 Da. Based on the assigned structures, the product ions at m/z of 815, 729, 643, 557, 471 and 385 correspond to the (R,S)-PHB oligomers with hydroxy and carboxy endgroups. The complementary product ions at m/z of 797, 711, 625, 539, 453, 367 and 281 correspond to the (R,S)-PHB oligomer chains terminated by crotonate and carboxy end-groups. Thus, the product ion at m/z of 797 corresponds to the (R,S)-PHB
F i g . 4 -ESI-mass spectrum (positive ion mode) of the remaining (R,S)-PHB sample after 52 weeks of incubation in paraffin, including the extended region from m/z of 780-1060
F i g . 5 -ESI-MS/MS fragmentation experiments for the ion at m/z of 901 in series (A) (F i g . 4 )
oligomer formed by the loss of 3-hydroxybutyric acid (104 Da), and the product ion at m/z of 815 corresponds to the sodiated (R,S)-PHB oligomer formed by the loss of molecule of crotonic acid (86 Da). Fig. 6 shows the results of the ESI-MS/MS experiment for the parent ion at m/z of 883 assigned to the sodiated (R,S)-PHB oligomer with a crotonate end-group. For this ion, fragmentation, which may occur from both sides of the molecule (see fragmentation pathway in Fig. 6 ), produces fragment ions exclusively through the loss of a neutral crotonic acid molecule. Fig. 7 shows the results of the ESI-MS/MS experiment for the molecular ion at m/z of 857, which is assigned to the oligomer with an acetate endgroup. The fragmentation of this ion also occurs along the oligomer chain (see fragmentation pathway in Fig. 7 ) through the formation of two sets of fragment ions with a spacing of 26 Da. Thus, the fragment ion at m/z of 797 corresponds to the oligomer ion formed by the loss of acetic acid (60 Da) from one side of the oligomer chain, and the ion at m/z of 771 corresponds to the oligomer ion formed by the expulsion of crotonic acid (86 Da) from other side of oligomer chain.
The results of the ESI-MS n analysis confirm that, after incubation in paraffin, the remaining (R,S)-PHB oligomers contain predominantly hydroxy and carboxy end-groups. The presence of hydroxy end-groups in the remaining (R,S)-PHB sample can result from the hydrolytic degradation of the initial high-molar mass (R,S)-PHB polyester caused by the water contained in the paraffin. 48 Additionally, small amounts of oligomers with crotonate and carboxy end-groups were observed. The formation of unsaturated (crotonate) end-groups in b-butyrolactone polymerisation was previously reported. These end-groups can be formed either in the initiation process or during propagation through a chain-transfer reaction to the monomer and through the recently reported E1cB intermolecular carboxylate-induced a-deprotonation mechanism of poly(3-hydroxyalkanoate)s. 60, 61 Moreover, small amounts of oligomers with acetate end-groups have also been detected. The acetate end-groups were present in the original (R,S)-PHB sample with a high-molar mass and are derived from the initiator used during the preparation of this polymer sample.
Effect of miscibility on the degradationsurface morphology
The surface morphologies of the PLA-based rigid films before and after degradation in paraffin were characterised with an atomic force microscope. As described by Kikkawa et al., 39, 52 observation of the surface morphology by AFM can confirm the different miscibilities of the plain PLA-based rigid films. The blends with poor miscibility show phase-separation of the components (91PLA/9(R,S)-PHB, 88PLA/12(R,S)-PHB and 85PLA/15(R,S)-PHB rigid films, (Fig. 8) whereas a homogeneous surface morphology is observed for the blend with good miscibility (97PLA/3(R,S)-PHB rigid film, (Fig. 8) . Additionally, the DSC curves for the 97PLA/3(R,S)-PHB rigid film showed a single glass transition temperature, indicating that the binary blend is miscible 62 (see Table 1 ). The diameter and depth of the pit domain increased as the (R,S)-PHB component increased in the blends, as observed by AFM. The plain PLA-based rigid films had surfaces with pit domains of up to 34 nm for the 85PLA/15(R,S)-PHB film. Only in the blend with good miscibility, the 97PLA/3(R,S)-PHB rigid film, is the surface completely smooth with a rough- (Fig. 4) (Fig. 4) ness of 2 nm. During degradation, the surface becomes rougher for all the studied films; however, the difference in surface roughness was on the scale of nanometres (Fig. 8) . In the AFM height image, dark and bright hues correspond to the low and high regions, respectively. After 52 weeks of degradation, the pores of the rigid film surfaces had equal depths between 60 nm for the 97PLA/3(R,S)-PHB rigid film and 118 nm for the 85PLA/15(R,S)-PHB rigid film. The largest pores, observed after degradation, had an average depth of 118 nm, a length of 1.5 µm and a width of 1.1 µm, and were formed on the 85PLA/15(R,S)-PHB rigid film surface. The degree of erosion of the PLA-based rigid films was strongly dependent on the blend composition and the miscibility of the two components. The poor miscibility of the blend of 85PLA/15(R,S)-PHB rigid film with the largest pit domain before degradation, promoted roughness of the surface.
F i g . 6 -ESI-MS/MS fragmentation experiments for the ion at m/z of 883 in series (B)
F i g . 7 -ESI-MS/MS fragmentation experiments for the ion at m/z of 857 in series (C)
Thermal behaviour
The calorimetric parameters of the selected PLA-based rigid films during degradation were characterised by differential scanning calorimetry, and are given in Table 1 .
The degradation rate of the PLA-based rigid films was assessed from the first heating run based on the work of Santonja-Blasco et al. 63 The cold crystallisation temperature (T cc ), the melting temperature (T m ) and the enthalpy values were obtained from the first calorimetric trace (first heating run) for the plain sample, and from the second heating run for the amorphous samples. The glass transition temperature (T g ) of the amorphous sample was obtained from the second calorimetric trace (cooling run), in which this transition temperature is the only phenomenon shown, because the applied cooling rate 10° min -1 does not allow for crystallisation. However, when the applied cooling rate allows crystallisation, amorphous samples were obtained by rapid cooling from the melt. The T g was calculated to be the temperature at the inflection point of the phenomenon. Fig. 9 shows the DSC thermograms of the crude (R,S)-PHB, plain PLA and 85PLA/15(R,S)-PHB rigid films.
In the first calorimetric trace, the following transitions were observed along the increasing temperature-axis for the plain PLA rigid film: an endothermic phenomenon, the structural relaxation (observed at 65.6 °C) overlapped with the glass transition relaxation (between 50 °C and 70 °C), cold crystallisation (with a maximum at 128.9 °C)
F i g . 8 -Selected 6 x 6 µm AFM images of the surface erosion of PLA, 97PLA/3(R,S)-PHB, 91PLA/9(R,S)-PHB and 85PLA/15(R,S)--PHB rigid films, respectively, before (A) and after 52 weeks of the degradation process in paraffin (B)
F i g . 9 -DSC thermograms (first heating run) as a function of temperature for the plain crude (R,S)-PHB (A), 85PLA/15(R,S)-PHB (B) and PLA (C) rigid films
and the melting process (with a maximum at 151.6 °C). The first heating run for all the PLAbased rigid films before incubation (Table 1) are similar, and show a glass transition overlapped with the structural relaxation followed by cold crystallisation and melting. The enthalpy values for the consecutive cold crystallisation and melting processes were the same, suggesting that all the plain PLAbased rigid films (except the slightly ordered 88PLA/12(R,S)-PHB blend) were amorphous before the degradation experiment, as evidenced by DSC. The presence of (R,S)-PHB can not only plasticise 64 but can also initiate the crystallisation of the blends by induction/nucleation as the nucleation agent 65 (∆H cc increases significantly, T g decreases slightly, but T cc significantly, Table 1 ). The induction/nucleation effect increased as the (R,S)-PHB content increased. For all the PLA/(R,S)-PHB rigid films, except the 97PLA/3(R,S)-PHB blend, two glass-transition temperatures were observed and indicated that the blends are immiscible and exhibit phase separation in the melt (Fig. 10) . The T g of a polymer in immiscible blends does not change with composition and is expected to maintain the value of the individual components, whereas in miscible blends, the glass transition temperatures of the components, shift toward each other. 39, 66 During the second heating run at 10 °C min -1 , all the examined amorphous samples exhibited a cold crystallisation effect. Measurements were performed on the amorphous samples obtained after cooling at 10° min -1 (when the applied cooling rate of 10° min -1 does not allow crystallisation) or for amorphous samples obtained by quenching the melt with liquid nitrogen (rapid cooling, RC). The maximum of the exothermic peak of the cold crystallisation temperature decreased as the incubation time increased. Therefore, during the degradation process, the shorter chains could begin to freely crystallise at lower temperatures because of their higher mobilities. The degradation process increases the values of the cold crystallisation enthalpy. An increase in the cold crystallisation enthalpy indicates an increase in the number of polymer chains that are involved in the crystallisation process during degradation. The parameters evaluated in the analysis of the cold crystallisation are provided in Table 2 . T 0n -onset of the cold crystallisation temperature, T ccmaximum of the exothermic peak of the cold crystallisation temperature, ∆H cc -cold crystallisation enthalpy, T m1 and T m2 -melting temperatures of the crystalline conformations with smaller and larger sized lamella, respectively
(R,S)-PHB (B), 91PLA/9(R,S)-PHB (C), 88PLA/12(R,S)-PHB (D) and 85PLA/15(R,S)-PHB (E) rigid films as well as for crude (R,S)-PHB (F)
During the second heating run of the PLA--based rigid films at 10° min -1 , the double melting endotherms were also observed after the cold crystallisation process. The lowest melting temperature peak corresponds to the population with a smaller size lamella, and the highest temperature peak corresponds to the crystalline conformations that have larger sized lamella. Multiple melting peaks in the DSC curves have been reported for many semicrystalline polymers. There is no single explanation for these peaks. In our case, the double melting peaks could result from the degradation mechanism, which can lead to the formation of dual populations of crystallites, as described by Wang et al. 49, 67 The influence of the degradation process in paraffin on the investigated samples was also characterised by thermogravimetric analysis. TG curves were obtained for the PLA, 97PLA/3(R,S)-PHB, and 85PLA/15(R,S)-PHB rigid films and for (R,S)-PHB during the degradation process at a heating rate of 10° min -1 . The degradation of the PLA rigid film and of (R,S)-PHB undergoes one stage of mass loss. After 52 weeks of degradation in paraffin, only one stage of mass loss was observed for the (R,S)-PHB. In contrast, for the 97PLA/3(R,S)--PHB and 85PLA/15(R,S)-PHB rigid films, two stages of mass loss were observed. For the PLA, 97PLA/3(R,S)-PHB and 85PLA/15(R,S)-PHB rigid films after degradation in paraffin, more complex mass losses were found (Fig. 11) . The decomposition of PLA, 97PLA/3(R,S)-PHB and 85PLA/15(R,S) --PHB rigid films after degradation confirms the degradation mechanism, which can lead to the formation of dual populations of PLA crystallites, 49 as indicated by DSC. The first derivative (DTG) of the TG curve is a useful method to notice slight changes in the curves more easily. In Fig. 11 , representative first-derivative TG curves are plotted for the (R,S)-PHB, PLA and 85PLA/15(R,S)-PHB rigid films during the degradation process. The averages of the total mass losses at 400 °C for all the investigated samples were approximately 100 %.
Conclusions
The current study constitutes an integrated approach to forensic engineering of advanced polymer materials with perspective application as compostable polymeric packing materials for products with a long shelf life. The degradation process in paraffin, the selected ingredient used as cosmetics simulant, for PLA-based rigid films was compared to (R,S)-PHB through a comprehensive material characterisation by AFM, GPC, NMR, ESI-MS, DSC and TGA techniques.
The degree of erosion of PLA-based rigid films was observed to be strongly dependent on the blend composition and the miscibility of the two components. The addition of (R,S)-PHB reduces the degree of degradation in paraffin during the first step of degradation, as evidenced by GPC, for the PLAbased rigid films only in the blend with good miscibility, but higher amount of (R,S)-PHB results in an extension of the disintegration time in immiscible blends. Decreases in the glass transition and melting temperatures were observed during the degradation in paraffin for all the investigated materials. A decrease in the molar mass during the degradation process enabled the formation of crystalline structures among the short chains, and these structures increased the crystallinity of the material as the degradation time increased.
Degradation has a significant impact on the properties of the materials used for packaging applications, and this impact must be considered. As was originally observed 48, 49 , the degradation process in an environment with residual water content, such as paraffin, occurs and indicates morphological and structural transformations in investigated materials, but the addition of (R,S)-PHB reduces these processes. The (R,S)-PHB and PLA/(R,S)-PHB blends with good miscibility are (bio)degradable materials that are more resistant to degradation in cosmetic simulants; however, further studies on more suitable biodegradable candidates for plastic cosmetic packages are still needed. 
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